Juvenile myelomonocytic leukaemia (JMML) and chronic myelomonocytic leukaemia (CMML) are rare myelodysplastic/myeloproliferative neoplasms (MDS/MPN), respectively, affecting children, usually under the age of 4 years, and elderly people ([@bib49]). CMML and JMML share similar clinical (splenomegaly due to infiltration of malignant cells and high risk of leukaemic evolution), laboratory (monocytosis, anaemia and thrombocytopenia) and histological (marrow myelomonocytic hyperplasia) features ([@bib16]; [@bib30]; [@bib36]). Despite the overlapping clinical phenotype, the molecular architecture of JMML and CMML appears to be clearly distinct. In JMML, the neoplastic myelomonocytic clone is hypersensitive to GM-CSF and mutually exclusive abnormalities in the GM-CSF signalling pathway (i.e., inactivation of the *NF1* tumour suppressor gene or oncogenic mutations in *NRAS*, *KRAS2*, *PTPN11* or *CBL*) have been seen in the majority of patients ([@bib31]; [@bib44]). In CMML, recurrent somatic mutations are described in genes encoding for a component of the RNA splicing machinery (SRSF2), signalling molecules (NRAS, KRAS and CBL), epigenetic regulators (TET2, IDH1/2 and ASXL1) and transcription factors (RUNX1) ([@bib5]; [@bib24]; [@bib23]).

Allogeneic stem cell transplantation is still the only curative treatment for MDS/MPN neoplasms ([@bib29]; [@bib28]; [@bib45]). However, the disease relapses in a significant proportion (30--50%) of JMML patients and only \<10% of those with CMML are eligible on account of older age or comorbidities ([@bib29]; [@bib28]; [@bib45]). So far, neither intensive nor low-dose chemotherapy has consistently improved the outcome of these patients ([@bib36]; [@bib28]). For these reasons, there is clearly a need to identify new, effective treatment strategies for JMML and CMML.

Trabectedin (Yondelis) is a marine natural compound isolated from the Caribbean tunicate Ecteinascidia turbinata in 1990 ([@bib51]).

It is approved in Europe and in many countries worldwide as a second-line therapy for the treatment of adult patients with advanced soft tissue sarcoma ([@bib50]; [@bib22]; [@bib11], [@bib12]), relapsed ovarian cancers ([@bib33]) and is currently under clinical evaluation in many other malignancies. Its antitumour effects are due to multiple mechanisms ([@bib7]). This drug binds the minor groove of DNA, thus interacting with different DNA repair mechanisms ([@bib9]; [@bib17]; [@bib42]; [@bib47]), it can also act as a transcription modulator ([@bib32]; [@bib19]; [@bib14]). In mouse tumour models, trabectedin causes selective depletion of monocytes in the blood, spleen and tumour, by activating caspase-8-dependent apoptosis and increasing the expression of TRAIL receptors ([@bib20]). Tumour-associated macrophages (TAMs) promote disease progression by supporting cancer cell survival, proliferation and invasion ([@bib13]; [@bib43]; [@bib1]). In cancer patients who receive trabectedin-based therapies, selective monocyte depletion also has been reported ([@bib2]; [@bib7]; [@bib21]).

These observations suggest that trabectedin exerts its distinct effects on monocytes/macrophages and it may affect the tumour microenvironment by acting on TAMs that promote disease progression through support to cancer cell survival, proliferation and invasion.

These findings provide strong proof-of-concept evidence for monocyte/macrophage targeting in humans and suggest interesting prospects for the rational exploitation of the particular properties of trabectedin in patients with JMML/CMML. The aim of this study was to investigate the effects induced by trabectedin on cells derived from CMML and JMML patients and on a cellular model of the CMML, MV-4-11 cell line, *in vitro* and *in vivo*.

Materials and methods
=====================

Ethical clearance
-----------------

Investigations on patients with JMML and CMML were approved by the Ethics Committees of the IRCCS Fondazione Maugeri, Pavia, and of the Fondazione IRCCS Policlinico San Matteo, Pavia, Italy. All procedures were carried out in accordance with the ethical standards of the Declaration of Helsinki. Written informed consensus was obtained from all patients. Animal experiments were reviewed and approved by the IRFMN (IRCCS Istituto di Ricerche Farmacologiche Mario Negri) Animal Care and Use Committee that includes '*ad hoc*\' members for ethical issues.

Drugs
-----

Trabectedin was supplied by PharmaMar (Colmenar Viejo, Madrid, Spain), dissolved in DMSO at a concentration of 1 m[M]{.smallcaps} and stored at --20 °C. 5-Azacitidine (5-AZA) was purchased from Sigma (St Louis, MO, USA). All the drugs were diluted in complete medium just before use.

Patients, sample collection and cell culture
--------------------------------------------

The main clinical and haematological characteristics of 20 patients with CMML and 13 patients with JMML are reported in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}. All patients had never received cytoreductive therapy before the enrollment in this study.

Malignant monocytes and CD34+ haematopoietic progenitor cells were isolated from peripheral blood/bone marrow mononuclear cells (MNCs) by immunomagnetic adsorption on Mini MACS separation columns using anti-CD14 and CD34 antibodies (Miltenyi Biotec, Bergisch Gladbach, Germany), respectively. For the antiproliferative assay the cells were maintained in X-VIVO 15 medium (Lonza Ltd, Basel, Switzerland) containing 10% HyClone fetal bovine serum (FBS) Defined (Thermo Scientific, Waltham, MA, USA), 1% [L]{.smallcaps}-glutamine (200 m[M]{.smallcaps}) and 1% penicillin/streptomycin (Biowest, Nuaillé, France). The growth of CFU-GM colonies was evaluated using Methocult GF (Stem Cell Laboratories, Cambridge, MA, USA). Briefly, 2--4 × 10^4^ MNCs were plated in 1 ml methylcellulose, with 30% FCS, 10 ng ml^−1^ GM-CSF, 10 ng ml^−1^ IL-3 and 50 ng IL-3 SCF. The number of colonies was scored with an inverted microscope after 14 days of culture at 37 °C, 5% CO~2~ in a fully humidified incubator. Inhibition of the *in vitro* growth of haematopoietic progenitors by trabectedin (0.1, 1 and 5 n[M]{.smallcaps}) and 5-AZA (0.1 and 1 *μ*[M]{.smallcaps}) was evaluated.

Cell lines culture and animal model
-----------------------------------

The MV-4-11 ([@bib26]; [@bib39]), originally obtained from a childhood biphenotypic (B-myelomonocytic) leukaemia and THP-1 ([@bib15]), established from the peripheral blood of a 1-year-old boy with acute monocytic leukaemia, were used in this study. The cells were cultured in RPMI-1640 (Biowest) supplemented with 10% Hy-Clone FBS Defined (Thermo Scientific), 1% [L]{.smallcaps}-glutamine 200 m[M]{.smallcaps} and 1% penicillin/streptomycin (Biowest). Cells were maintained at 37 °C in a humidified atmosphere at 5% CO~2~ in T25 cm^2^ flasks (Iwaky Bibby Sterilin, Staffordshire, UK).

Female athymic NCr-*nu/nu* mice, 6--8 weeks old, were obtained from Harlan Laboratories (Udine, Italy). They were housed in the Institute\'s animal care facilities under specific pathogen-free conditions in individually ventilated cages and handled using aseptic procedures.

MV-4-11 tumour fragments were implanted subcutaneously in the right side of mice. Tumours were measured with a caliper and their weights (1 mm^3^=1 mg) were calculated with the formula: length × (width)^2^/2. When tumour weight reached 150--200 mg, mice were randomised and treatment as started.

Trabectedin was injected i.v. at the doses of 0.15 mg kg^−1^, every 7 days for three times. 5-AZA was given i.v. at the dose of 5 mg kg^−1^ every 3 days for five times. Each group comprised nine mice. Drug efficacy was calculated as *T*/*C*%, where *T* and *C* are the mean tumour weights of treated and control groups, respectively.

Antiproliferative assay
-----------------------

The antiproliferative effect of the drugs on CMML or JMML primary cultures and on the MV-4-11 and THP-1 cell lines was evaluated with a standard growth inhibition assay.

CMML/JMML cells, at a concentration of 500 000 cell per ml, MV-4-11 cell line at 30 000 cell per ml and THP-1 cell line at 50 000 cell per ml were seeded in 24-Multiwell plates (Iwaky Bibby Sterilin), and 24 h (CMML/JMML) and 48 h (cell lines) later were treated for 72 h with the drugs. Growth inhibition was recorded at 24, 48 and 72 h of treatment by counting the number of cells with a Coulter Counter (Beckman Coulter, Pasadena, CA, USA).

Apoptosis
---------

Apoptosis was determined on CMML or JMML cells, previously incubated with the anti-CD14 or CD34 antibody (Beckman Coulter, Brea, CA, USA) and on MV-4-11 and THP-1 cell lines, at different intervals during drug treatment by Annexin V-FITC/propidium iodide (PI) flow cytometric assay ([@bib2]) using a Gallios instrument (Beckman Coulter).

Gene expression profiling analysis
----------------------------------

The gene expression profiling analysis was performed on 177 samples from 24 CMML cases and 30 samples from 8 JMML cases, and on MV-4-11 cells ([@bib4]). At 24 h after treatment with trabectedin or 5-AZA (except for JMM samples), CMML, JMML and MV-4-11 cells were washed in PBS and pellets were stored at −80 °C until RNA extraction, using a miRNeasy Mini Kit (Qiagen, Venlo, The Netherlands), following the manufacturer\'s instruction. mRNA expression levels were examined by qRT-PCR using Applied Biosystems (Foster City, CA, USA) 7900HT. cDNA was generated from 200 ng of purified total RNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems), following the manufacturer\'s instructions. mRNA expression was analysed using QuantiFast SYBR Green PCR Master Mix (Qiagen) and dedicated primers ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}); data were normalised using the geometric mean of four independent housekeeping genes (*B2M*, *cyclophilin A*, *GAPDH* and *HPRT1*). Experiments were run in duplicate for each case, to assess technical variability using 384-well reaction plates in an automatic liquid handling station (epMotion 5075LH; Eppendorf, Hamburg, Germany). Analysis was done by using the 2^−ΔΔCt^ protocol and the medians were compared using the non-parametric Wilcoxon matched-pairs signed-rank test. Differences were considered statistically significant with a two-tailed *P*-value \<0.05. All tests were done using GraphPad Prism Version 6 (GraphPad Software, La Jolla, CA, USA).

Biparametric BrdU/DNA cell cycle analysis
-----------------------------------------

The cell cycle phase perturbations induced by trabectedin on MV-4-11 cells were evaluated by biparametric BrdU/DNA flow cytometric analysis ([@bib17]).

Statistical analysis
--------------------

For the growth inhibition and growth of CFU-GM colonies assay the arithmetic mean and the s.e. of number of viable cells were calculated. The ratio of viable cells between control and treated cells was computed; on log scale, an estimate of the s.e. of this ratio was obtained by the Delta method as:

where *μ*~C~ and *μ*~T~ are the sample means of the control and treated viable cells, respectively, and *σ*~C~ and *σ*~T~ are the sample s.e. of the control and treated viable cells, respectively. A random-effects model was used to estimate mean and 95% CI of the percentage of dead cells.

Results
=======

*In vitro* pharmacological effect of trabectedin on CMML and JMML primary cells
-------------------------------------------------------------------------------

We investigated the cytotoxic effect of trabectedin on CD14+ and, in selected cases, also CD34+ progenitors, malignant myelomonocytic cells from CMML and JMML patients. [Table 1a](#tbl1a){ref-type="table"} reports the percentage of CMML and JMML dead cells after drug exposure. Trabectedin had a potent cytotoxic effect in a dose-dependent manner in both disorders, greater than 5-AZA.

Clonogenic growth of CFU-GM was assessed in a classical semi-solid assay in the presence of increasing concentrations of trabectedin. In CMML cells, trabectedin caused a mild inhibition of CFU-GM growth at 0.1 n[M]{.smallcaps}, increasing to 40% at 1 n[M]{.smallcaps} and reaching 100% at 5 n[M]{.smallcaps}, regardless of the cell source used (PB or BM). In JMML cells, strong inhibition of the spontaneous growth of CFU-GM was also observed in the presence of trabectedin. However, differently from CMML, the CFU-GM growth inhibition was already maximal at 1 n[M]{.smallcaps} ([Table 1b](#tbl1b){ref-type="table"}).

The mechanism of cell death induced by trabectedin and 5-AZA was investigated 24, 48 and 72 h during drug treatment in CD14+ and CD34+ malignant cells from CMML/JMML patients. [Figure 1](#fig1){ref-type="fig"} illustrates representative experiments performed on CD14+ myelomonocytic cells from two patients with CMML and JMML, in which the biparametric Annexin V/PI flow cytometric assay was done after 72 h of continuous treatment with the two drugs. In both CMML and JMML cells, trabectedin had the strongest apoptotic effect at 5 n[M]{.smallcaps} (about 80% of cells were apoptotic), whereas at lower doses it induced apoptosis in smaller fractions of cells. 5-AZA at the highest dose of 2.5 *μ*[M]{.smallcaps} only caused apoptosis in 25% and 15% of CMML and JMML cells, respectively.

Gene expression profiling analysis after trabectedin exposure on CMML and JMML primary cells
--------------------------------------------------------------------------------------------

Trabectedin upregulated several genes in CMML malignant cells, including *MAPK3* and *STAT5a* (belonging to the JAK pathway), *GM-CSF*, *IL12a*, *IL12b* and *TNF* (belonging to the cytokine signalling pathway) and *CDKN1A* (belonging to the cell signalling pathway), as shown in [Table 2](#tbl2){ref-type="table"}. However, the strongest effects on gene expression were on the Rho GTPase pathway (belonging to the RAS superfamily). The expression of all the genes of the Rho GTPase pathway, that is, *ARHGAP10*, *ARHGAP26*, *SRGAP2* and *VAV-3*, was drastically reduced from 5 to more than 25 times. 5-AZA affected fewer genes in MDS/MPN cells, including upregulation of *AKT-1*, *CDKN1A*, *SPI1* and *RUNX1* expression, whereas the Rho GTPase pathway was not affected ([Table 2](#tbl2){ref-type="table"}).

The effects of trabectedin on JMML malignant cells are shown in [Table 3](#tbl3){ref-type="table"}. Similar to that in CMML, in JMML myelomonocytic cells treated with trabectedin, *MAPK3* and *MAPK1* were respectively up- and downregulated, *BMP4* and *CDKN1A* levels were more than double than control, whereas the expression of genes belonging to the Rho GTPase pathway was drastically reduced. Because of the limited number of cells obtained from JMML samples, we could not assess the effect of 5-AZA on gene expression profiling.

*In vitro* and *in vivo* pharmacological effect of trabectedin on MV-4-11 and THP-1 cells
-----------------------------------------------------------------------------------------

As there are obvious limitations in the availability of fresh primary cells from CMML and JMML patients, and a cellular model that expresses 100% of the features of these diseases is not available, we decided to use the MV-4-11 cell line, established from a patient with biphenotypic B-myelomonocytic leukaemia and expressing markers of myelomonocytic differentiation, such as CD3^−^, CD10^−^, CD4^+^, CD33^+^, CD14^+^ and THP-1 cell line expressing CD3^−^, CD13^+^, CD4^+^, CD19^−^ and CD34^−^ as a surrogate for further *in vitro* investigations and for the generation of an animal model that could be exploited for assessing *in vivo* the pharmacological activity of trabectedin. On MV-4-11 and THP-1 cells, trabectedin had a stronger growth inhibitory effect than 5-AZA (a conventional treatment for MDS/MPN patients, used for comparison in these experiments) with IC~50~ at 72 h, respectively, 1 n[M]{.smallcaps} and 2.5 *μ*[M]{.smallcaps} ([Figure 2A](#fig2){ref-type="fig"} for MV-4-11 and [Figure 2C](#fig2){ref-type="fig"} for THP-1 cells). As shown on CMML or JMML cells, trabectedin had a marked time- and dose-dependent apoptotic effect also on MV-4-11 and THP-1 cell lines ([Figure 2B and D](#fig2){ref-type="fig"}, respectively), whereas 5-AZA induced apoptosis only in a small proportion of cells only on MV-4-11 and not on THP-1 cells ([Figure 2B and D](#fig2){ref-type="fig"}, respectively).

BrdU/DNA biparametric cell cycle analysis was done on MV-4-11, to examine the cell cycle phase perturbations induced by trabectedin. The drug caused a delay in crossing all the cell cycle phases in both BrdU-positive and -negative cell fractions ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). The detection of DNA strand breaks generated during apoptosis, by biparametric flow cytometric TUNEL/DNA assay, showed that after trabectedin the majority of apoptotic cells were in the G1/S boundary phase (data not shown).

We then investigated the gene expression profiling changes after drug treatment on MV-4-11 cell line ([Figure 2E](#fig2){ref-type="fig"}). Trabectedin 5 n[M]{.smallcaps} strongly upregulated *IL12b*, *CDKN1A* (p21), whereas genes belonging to the Rho GTPase pathway (*ARHGAP10*, *ARHGAP26*, *SRGAP2* and *VAV-3*) were downregulated. 5-AZA upregulated the expression of genes encoding for *IL12a* and *TGFB1*, *mTOR* and *AKT*, *PU.1* and *RUNX1*, *ARHGAP26* ([Figure 2F](#fig2){ref-type="fig"}).

Finally, we evaluated the *in vivo* antitumour activity of trabectedin in a MV-4-11 mouse model ([Figure 3](#fig3){ref-type="fig"}). Trabectedin inhibited tumour growth, whereas 5-AZA had no such effect the tumours treated with this drug grow similar to the control (best T/C on day 27 were, respectively 36.1% and 95%).

Discussion
==========

This study provides evidence of strong cytotoxic activity of trabectedin in malignant cells and haematopoietic progenitors from CMML and JMML patients, as well as in cellular and mouse models of myelomonocytic leukaemia.

MDS/MPN neoplasms are diseases with a poor clinical outcome and significant unmet medical need ([@bib49]). Both involve a high risk of progression during the natural history of the disease. In patients not eligible for transplantation, neither intensive nor moderate chemotherapy consistently improves the clinical outcome. In JMML, inhibition of activated RAS would appear to be a logical therapeutic strategy ([@bib29]; [@bib16]; [@bib30], [@bib31]; [@bib5]; [@bib24]; [@bib23]; [@bib36]; [@bib28]; [@bib44]). However, farnesyltransferase inhibitors induce only partial and transient clinical responses. CMML patients may benefit from treatment with 5-AZA or hydroxyurea, but unfortunately neither of these substantially modify the natural history of the disease ([@bib37]).

Selective macrophage and myelomonocytic cell compartment targeting is a key component of the antitumour activity of trabectedin, supporting the hypothesis that this drug may have an antitumour effect on MDS/MPN ([@bib20]; [@bib8]).

We observed that trabectedin induces apoptosis in malignant cells from both CMML and JMML patients, and inhibits the clonogenic growth of CFU-GM at concentrations in the range of 1--5 n[M]{.smallcaps}, which are pharmacologically reasonable, as they are achieved in plasma of patients receiving the drug at tolerable doses ([@bib38]; [@bib40], [@bib41]; [@bib6]).

The potent cytotoxic effect of trabectedin in patient-derived CMML or JMML cells is in keeping with previous observations in normal monocytes and macrophages. The pro-apoptotic effect of trabectedin on mononuclear phagocytes was related to activation of the extrinsic apoptotic pathway and was selective for myelomonocytic cells, as neutrophils and lymphocytes were not affected ([@bib20]). The sensitivity of the myelomonocytic lineage was ascribed to the high expression of signalling TRAIL receptors of these cells and the lack of decoy R3 receptors, which are expressed in neutrophils and lymphocytes ([@bib20]). Mechanistically, this has been explained by the differential expression of death receptors (TRAIL-Rs) on cell membranes: monocytes express higher levels of the functional receptors (TRAIL-R1 and R2), which are poorly expressed by neutrophils and lymphocytes. Furthermore, the latter express high levels of TRAIL-R3, a decoy receptor blocking apoptosis, which is instead not expressed on monocytes ([@bib20]; [@bib27]. Our group previously published that normal human monocytes are susceptible to the cytotoxic activity of trabectedin and undergo caspase-dependent intrinsic apoptosis at doses of 5--10 n[M]{.smallcaps}, for relatively long exposures (24--48 h; [@bib20]). Monocyte depletion *in vivo* in mouse experiments is transient and not total: about 50% of monocytes or tissue macrophages are depleted 48 h after administration.

It may be legitimate to ask the question if the monocyte depletion induced by trabectedin cause a greater vulnerability to infections. However, the clinical experience with trabectedin does not suggest a particularly high incidence of infections in patients receiving the drug and this can be explained considering that monocytes are continuously produced in the bone marrow and conveyed in the blood stream, so their level in blood are only transiently decreased after trabectedin treatment. In addition, the prime line of defense against bacteria is assured by neutrophils, which are not affected by trabectedin; viral infections by lymphocytes, which are also not killed.

Unfortunately, because of the limited number of cells obtained from CMML and JMML samples, we could not assess the TRAIL-receptor induction on CMML--JMML cells derived from patients.

The cytotoxic effect of trabectedin against CMML/JMML malignant cells did not appear to be related to cell cycle blockade. In contrast to what has been reported in cell lines derived from patients with sarcomas or ovarian carcinomas ([@bib17]; [@bib46], [@bib47]; [@bib21]), trabectedin did not cause major cell cycle perturbations in MDS/MPN cells, implying that the action against these leukaemia cells is not exerted through an antiproliferative effect. Monocytes and macrophages, which are very sensitive to trabectedin, are quiescent cells, indicating that trabectedin, in contrast to the majority of cytotoxic drugs, does not target DNA synthesis, at least in myelomonocytic cells. In JMML/CMML cells the drug can affect transcription regulation, as demonstrated in some sarcomas ([@bib14]), and also suggested by the fact that the transcription of genes encoding for some cytokines and chemokines is downregulated in myelomonocytic cells exposed to trabectedin ([@bib20]).

In our study, trabectedin was able to affect the expression of several genes involved in different pathways. Compared with the action of 5-AZA, trabectedin was able to induce a mild, but significant, upregulation both of genes of the JAK pathway and of genes of the cytokine signalling pathways ([Table 2](#tbl2){ref-type="table"}). At variance, trabectedin exerted a slight downregulation of *mTOR* and *AKT-1* genes, whereas both trabectedin and 5-AZA upregulated *CDKN1A* expression. However, the most important gene expression changes in myelomonocytic malignant cells from both CMML and JMML patients exposed to trabectedin involved significant downregulation of the RhoGTPase pathway. The role of RhoGTPase proteins in haematopoiesis has been amply described: increased activity of these proteins leads to enhanced proliferation and survival in normal and malignant myeloid cells ([@bib25]; [@bib18]; [@bib34]). Recent observations in our laboratory have indicated that in normal myelomonocytic cells exposed to trabectedin the genes whose expression was changed most were those encoding for RhoGTPase (unpublished data). Therefore, the fact that also in CMML and JMML genes encoding RhoGTPase were strongly downregulated by trabectedin reinforces the idea that the drug\'s effect against these leukaemias is lineage-specific and is not necessarily due to the action on particular genes involved in the neoplastic transformation of the leukaemic cells.

Interestingly, RhoGTPases are closely related to the *RAS* gene and share considerable structure and function similarities with RAS and other RAS-related small GTPases ([@bib3]; [@bib48]). Considering that activating mutations of members of KRAS and NRAS have been reported to be involved in JMML and CMML pathogenesis, and that the GM-CSF hypersensitivity that characterises both JMML and CMML haematopoietic progenitors results from continuous activation of the GM-CSF receptor--RAS-RAF-MEK-ERK signal transduction pathway ([@bib10]), and of the STAT5 pathway ([@bib35]), respectively, the downregulation of RhoGTPase we observed in this disease may explain the *in vitro* inhibitory effect of trabectedin on the spontaneous growth of CFU-GM but also positions trabectedin as potential new drug for the treatment of this disease. In this regard, the fact that farnesyltransferase inhibitors, which are known to act on RAS proteins, also target Rho proteins, while reinforcing the concept that inhibition of these pathways is of major importance in CMML also brings support to new therapeutic strategies based on the use of these inhibitors for targeting specifically Rho proteins in patients with CMML, including those who are non-mutated in KRAS/NRAS.

The data presented here are of substantial potential interest, as they provide the rationale for testing trabectedin in clinical trials in CMML/JMML patients. With a view to the potential clinical applications it was important to do additional *in vivo* experiments to assess the antitumour activity of trabectedin at tolerable doses. We did these in the MV-4--11 myelomonocytic cell line growing *in vivo* in immunodeficient mice. The results were certainly encouraging as trabectedin showed remarkable antitumour activity in this model.

In conclusion, the natural marine product trabectedin, previously found to have selective cytotoxic effects on myelomonocytic cells, has strong apoptotic effects in leukaemic cells from patients with CMML or JMML, suggesting it would be worth investigating it on these leukaemias for which there is an urgent need of effective drugs as they are insensitive to all the current therapeutic agents.
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![**Biparametric Annexin V-FITC/PI flow cytometric analysis.** Biparametric Annexin V-FITC/PI flow cytometric analysis on CMML and JMML cells after trabectedin (**A**) or 5-AZA (**B**). A representative example of CMML and JMML is shown at 72 h treatment. R1, viable cells; R2, early apoptotic cells; R3, late apoptotic cells; and R4, necrotic cells.](bjc2016424f1){#fig1}

![**Effect of 72 h trabectdin or 5-AZA exposure on MV-4-11 and THP-1 cell growth.** (**A**) Effect of 72 h trabectedin or 5-AZA exposure on MV-4--11 cell growth at different intervals during treatment. The data are the mean of three independent experiments; bars indicate the s.d. (**B**) Biparametric Annexin V-FITC/PI flow cytometric analysis on MV-4--11 cells after 72 h trabectedin (a) or 5-AZA (b) treatment. R1, viable cells; R2, early apoptotic cells; R3, late apoptotic cells; and R4, necrotic cells. (**C**) Effect of 72 h trabectedin or 5-AZA exposure on THP-1 cell growth at different intervals during treatment. The data are the mean of three independent experiments; bars indicate the s.d. (**D**) Biparametric Annexin V-FITC/PI flow cytometric analysis on THP-1 cells after 72 h trabectedin (a) or 5-AZA (b) treatment. R1, viable cells; R2, early apoptotic cells; R3, late apoptotic cells; and R4, necrotic cells. (**E**) Gene expression in MV-4--11 cells at 24 h 5 n[M]{.smallcaps} trabectedin treatment. Data were analysed by the DDCT method and expressed as-fold changes (arbitrary units) compared with untreated control cells (white bars), set as 1. (**F**) Gene expression in MV-4--11 cells at 24 h 2.5 *μ*[M]{.smallcaps} 5-AZA treatment. Data were analysed by the DDCT method and expressed as-fold changes (arbitrary units) compared to untreated control cells (white bars), set as 1.](bjc2016424f2){#fig2}

![**Antitumour activity of trabectedin compared with 5-AZA in MV-4--11 mice.** The arrows on the X-axis indicate the time of treatment with trabectedin (black) or 5-AZA (grey).](bjc2016424f3){#fig3}

###### Percentages of cell growth inhibition after trabectedin or 5-AZA treatment in CMML and JMML samples

                      **Trab 0.5 n[M]{.smallcaps}**   **Trab 1 n[M]{.smallcaps}**   **Trab 5 n[M]{.smallcaps}**   **5-AZA 0.5** *μ***[M]{.smallcaps}**   **5-AZA 1** *μ***[M]{.smallcaps}**   **5-AZA 2.5** *μ***[M]{.smallcaps}**
  ------------------ ------------------------------- ----------------------------- ----------------------------- -------------------------------------- ------------------------------------ --------------------------------------
  **CMML**                                                                                                                                                                                   
  No. of cases                     27                             28                            29                                 21                                    21                                    22
  Mean (%, 95% CI)             21 (16--25)                    34 (28--40)                   74 (68--78)                        13 (6--19)                           18 (12--25)                           19 (11--26)
  Range (%)                       0--60                          4--82                        17--98                             0--46                                 0--51                                 0--75
  **JMML**                                                                                                                                                                                   
  No. of cases                     14                             17                            19                                 12                                    13                                    13
  Mean (%, 95% CI)              9 (1--17)                     16 (9--22)                    50 (43--57)                        13 (3--23)                            16 (9--23)                            14 (8--20)
  Range (%)                       0--37                          0--40                         0--96                             0--48                                 0--59                                 0--60

Abbreviations: 5-AZA=5-azacitidine; CI=confidence interval; CMML=chronic myelomonocytic leukaemia; JMML=juvenile myelomonocytic leukaemia; Trab=trabectedin.

###### Percentages of the clonogenic growth CFU-GM inhibition after trabectedin treatment in CMML and JMMLL samples

                      **Trab 0.1 n[M]{.smallcaps}**   **Trab 1 n[M]{.smallcaps}**   **Trab 5 n[M]{.smallcaps}**
  ------------------ ------------------------------- ----------------------------- -----------------------------
  **CMML**                                                                         
  No. of cases                     16                             16                            16
  Mean (%, 95% CI)             12 (8--16)                     40 (30--49)                 100 (100--100)
  Range (%)                       5--19                         10--79                        92--100
  **JMML**                                                                         
  No. of cases                      5                              5                             5
  Mean (%, 95% CI)             13 (4--21)                    100 (99--100)                100 (100--100)
  Range (%)                      11--20                         95--100                      100--100

Abbreviations: CI=confidence interval; CFU-GM=colony forming unit-granulocyte, macrophage; CMML=chronic myelomonocytic leukaemia; JMML=juvenile myelomonocytic leukaemia; Trab=trabectedin.

###### Effect of trabectedin and 5-AZA on the expression profile of selected genes in CMML cells

  **Pathways**                                **Genes**       **Control**       **Trab 5 n[M]{.smallcaps}**  ***R T*****/*****C***   ***P*****-value**          **Control**      **5-AZA 2.5** *μ***[M]{.smallcaps}**  ***R T*****/*****C***   ***P*****-value**
  ------------------------------------------ ------------ -------------------- ----------------------------- ----------------------- ---------------------- ------------------- -------------------------------------- ----------------------- -------------------
  **JAK pathway**                                                                                                                                                                                                                              
                                               *MAPK3*       4.4 (4.1--6.5)            5.6 (5.3--9)          1.27                    0.048 (\*\*)              5.5 (4.5--7)                5.9 (5.2--10.4)             1.07                    0.111
                                               *MAPK1*      9.4 (8.4--15.5)           7.9 (6.4--12.6)        0.85                    0.039 (\*)               9.7 (9.1--16.8)              14 (12.2--22.9)             1.45                    0.092
                                               *STAT5a*    18.7 (16.8--38.9)         26.5 (23.6--60.7)       1.42                    0.023 (\*)              20.5 (16.6--37.9)            22.1 (15.8--37.4)            1.08                    0.87
  **Cytokine signalling**                                                                                                                                                                                                                      
                                               *GM-CSF*    23.2 (14.3--68.5)         35.9 (26--128.7)        1.55                    0.038 (\*)              25.2 (17.2--76.2)            29.5 (27.3--53.2)            1.17                    0.73
                                               *IL12a*     47.4 (48.3--239.5)       104.9 (91.8--468.2)      2.21                    0.021 (\*)                34.1 (9--181)                47 (9--227.8)              1.38                    0.36
                                               *IL12b*      4.6 (3.8--11.3)           8.6 (4.8--62.9)        1.88                    0.0039 (\*\*)             4.8 (2--21.5)               9.4 (6.7--21.4)             1.95                    0.13
                                               *TGFB1*      4.7 (4.7--10.6)           3.9 (3.2--7.1)         0.84                    0.019 (\*)               6.4 (4.8--12.3)              7.7 (6.2--10.6)             1.20                    0.77
                                                *TNF*      43.2 (34.19--89.8)       110.9 (92.6--193.5)      2.57                    0.0016 (\*\*)           45 (36.2--101.2)             68.6 (40.3--141.7)           1.53                    0.18
  **PI3K and cell signalling**                                                                                                                                                                                                                 
                                                *mTOR*      9.6 (8.1--13.7)           7.1 (6.7--11.1)        0.75                    0.035 (\*)                 9.6 (8--14)                 12 (11--18.9)              1.26                    0.07
                                               *AKT-1*      26.8 (24.2--34)           23.5 (20--29.3)        0.88                    0.14                    29.1 (25.5--40.3)            36.4 (33.1--60.7)            1.25                    0.0056 (\*\*)
                                               *CDKN1A*       6.1 (4.4--9)           18.7 (14.6--24.2)       3.07                    \< 0.0001 (\*\*\*\*)     6.4 (4.7--9.6)               8.7 (7.5--15.3)             1.36                    0.0083 (\*\*)
  **Haematopoietic transcription factors**                                                                                                                                                                                                     
                                                *SPI1*      9.8 (7.8--13.6)           10.3 (7.4--14)         1.06                    0.79                     9.7 (8.1--13.7)              11 (10.1--18.7)             1.13                    0.038 (\*)
                                               *RUNX1*      8.2 (7.2--16.1)           8.4 (6.8--12.9)        1.01                    0.32                      9.1 (6.8--17)               10.7 (9.5--18.3)            1.17                    0.029 (\*)
  **RHO GTPase**                                                                                                                                                                                                                               
                                              *ARHGAP10*     2.4 (1.7--4.2)           0.4 (0.5--1.8)         0.15                    0.0075 (\*\*)             2.4 (2--4.9)                 2.6 (2.7--7.4)             1.08                    0.17
                                              *ARHGAP26*    9.4 (6.4--16.4)           0.4 (0.4--4.6)         0.04                    0.0003 (\*\*\*)          9.3 (6.6--18.5)               8.9 (8--22.3)              0.95                    0.2
                                               *SRGAP2*      1.9 (1.4--4.8)           0.3 (0.3--4.2)         0.18                    0.02 (\*)                 1.9 (1.4--4)                2.3 (1.8--3.94)             1.17                    0.47
                                               *VAV-3*       0.9 (0.8--2.3)          0.06 (0.05--0.4)        0.07                    \< 0.0001 (\*\*\*\*)     1.7 (1.1--2.8)               1.6 (1.3--4.18)             0.94                    0.14

Abbreviations: 5-AZA=5-azacitidine; CMML=chronic myelomonocytic leukaemia; Trab=trabectedin.

For each gene the median fluorescence intensity (arbitrary units, normalised against four different housekeeping) is reported for untreated samples (control) and for Trab or 5-AZA. The confidence interval is reported in brackets. *R* is the ratio of the median of treated (*T*) to control (*C*) samples. *P* was considered significant with a two-tailed *P*-value\<0.05 according to non-parametric Wilcoxon matched-pairs singed-rank test. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001. Genes are organised into functional pathways according to IPA software (QIAGEN\'s Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City, [www.qiagen.com/ingenuity](http://www.qiagen.com/ingenuity))).

###### Effect of trabectedin on the expression profile of selected genes in JMML cells

  **Pathways**               **Genes**   **Control**           **Trab 5 n[M]{.smallcaps}**   ***R T*****/*****C***    ***P*****-value**
  ------------------------- ------------ --------------------- ----------------------------- ----------------------- -------------------
  **JAK pathway**                                                                                                    
                              *MAPK3*    12 (9.7--19.4)        20.4 (12.8--35.2)             1.70                        0.0313 (\*)
                              *MAPK1*    6.8 (3.4--9.7)        3.5 (3--5.2)                  0.52                        0.0469 (\*)
  **Cytokine signalling**                                                                                            
                               *BMP4*    0.2 (0.2--0.3)        0.5 (-0.2--2.2)               2.65                        0.0313 (\*)
  **Cell signalling**                                                                                                
                              *CDKN1A*   105.6 (29.9--193.9)   285.1 (136.1--48)             2.70                        0.0313 (\*)
  **RHO GTPase**                                                                                                     
                             *ARHGAP10*  21.3 (-12.4--90.5)    1.5 (-1.4--8.6)               0.07                        0.0156 (\*)
                             *ARHGAP26*  56.7 (13.6--79.9)     1.2 (-0.5--5.4)               0.02                        0.0313 (\*)
                              *SRGAP2*   21.4 (10.7--38.4)     2.3 (1--4.5)                  0.11                        0.0156 (\*)
                              *VAV-3*    14.2 (10.1--18.6)     0.3 (0.1--1.3)                0.02                        0.0156 (\*)

Abbreviations: 5-AZA=5-azacitidine; JMML=juvenile myelomonocytic leukaemia.

For each gene the median fluorescence intensity (arbitrary units, normalised against four different housekeeping) is reported for untreated samples (control) and for trabectedin or 5-AZA. The confidence interval is reported in brackets. *R* is the ratio of the median of treated (*T*) to control (*C*) samples. *P* was considered significant with a two-tailed *P*-value\<0.05 according to non parametric Wilcoxon matched-pairs singed-rank test. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001. Genes are organised into functional pathways according to IPA software (QIAGEN\'s Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City, [www.qiagen.com/ingenuity](http://www.qiagen.com/ingenuity))).
